Abstract. In order to improve the representation of clouds in climate models, we require a better understanding of the relationship among cloud properties and the synoptic-scale state of the atmosphere. In order to investigate this issue as it pertains to a specific class of cirrus clouds, we have combined a 2 month data set of radar reflectivities observed at State College, Pennsylvania, using a W-band radar with output from a mesoscale model that uses 3-hourly data assimilation. Products of the analysis include statistical distributions of fundamental cirrus cloud properties, such as frequency of occurrence, base, top and midcloud height, and layer thickness. We also consider the relationships between cirrus reflectivity and the large-scale meteorological state defined by area-averaged temperature and vertical velocity. Overall, cirrus clouds are observed 32% of the time, and 51% of those events occur in conjunction with lower-level clouds. Most of the cirrus occur in thin layers (<1.5 km thickness). Cirrus occurrence appears to be related to largescale meteorological factors but the relationships are complex. The majority of the cirrus we observed occurred at temperatures lower than -35øC and there is little correlation between radar reflectivity and temperature. We also used this data set to examine the usefulness of a satelliteborne W-band radar.
able to sense multiple, optically-thick cloud layers and collect data continuously. For this study, we used data from the Pennsylvania State University 94-GHz (3-mm wavelength) Doppler radar . We operated the radar nearly continuously from a site in central Pennsylvania in a vertically pointing mode from early October through mid-December, 1994, with a primary goal of characterizing continental stratocumulus clouds. During this period, we also collected an extensive record of cirrus cloud refiectivities.
The fundamental atmospheric quantity that we can infer from radar power measurements is the back-scattering cross section per unit volume or radar reflectivity, q. We choose to express our measurements of q in terms of the equivalent radar reflectivity factor, Z•, which is defined by z, = (x • / s•)•wf n. 
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The radar reflectivity profiles collected during the study period consist of averages of approximately 2000 pulses. Depending on the pulse repetition frequency of the radar, these pulses are evenly distributed over an 8 to 12 second interval. During the study period, the radar was operated with pulse lengths of 0.5 and 1 gs and the range gate spacing varied between 30 and 75 meters. The minimum detectable signal of a radar can be expressed , Pmin (roW) -
•aSpn 511/2 where P• is the system noise power and N is the number of pulses per range gate sample. Using a typical noise power of 4.7x 104o mW calculated from cloud-free range gates, the thin solid curve in Figure 1 shows the minimum detectable signal of the radar for 2000 pulse averages and a 0.5gs pulse. At cirrus levels, the minimum detectable signal is well within the range of reflectivities expected for thin cirrus [Atlas et al., 1995] and a significant fraction of the cirrus will be missed. To increase our sensitivity to thin cirrus, we consider 50,000 pulse averages constructed by calculating the mean analog to digital converter counts for the appropriate number of archived profiles. Increasing the number of averaged pulses in each profile significantly reduces the minimum detectable signal as shown in Figure 1 , although the temporal averaging increases to approximately 5 min. The longer averaging period, however, ensures that each profile is more representative of the cirrus layer as a whole instead of a short snapshot that contains detail on only the most reflective regions of the layer. A long time series of these averaged profiles are then used as input to the cloud mask algorithm described by Clothiaux et al. [1995] . Using an estimate of the instrument noise calculated as the mean of the contiguous 25 gates near the top of the profile with the lowest signal, the radar reflectivity is calculated for all gates deemed to contain significant return by the cloud mask algorithm.
Clothiaux et al. [1995] [Mace et al., 1995] , and the tropopause height is determined by identifying the most significant discontinuity in the potential vorticity profile above 9 km [Hoskins et al., 1985] . We chose the scale of dynamical analysis to be 200 km both to mimic the current resolution of typical general circulation models (GCMs) and to reduce the uncertainty in the horizontal divergence and the resulting large-scale vertical velocity by using spatially averaged model profiles.
Our goal is to examine the composite structure of upper tropospheric clouds that are isolated vertically in their reflectivity profile from other lower-level clouds. Deep cloud systems such as altostratus or nimbostratus, while certainly cirrus-topped much of the time, are not the focus of this study. Other investigators have used a combination of visual inspection and height When considering these statistics, one must keep in mind that the reflectivity of some cirrus falls below the minimum detectable signal of the radar even with the long temporal averaging which is a similar climatological regime to that during this study. However, the King Air is generally limited to altitudes lower than about 9 kin. The particle size distributions used in the Atlas et al. study may be biased toward warmer cirrus where the particle sizes would be larger and the reflectivities higher than for clouds above 9 kin. The minimum detectable signal of the PSU radar at cirrus altitudes is illustrated in Figure 1 and ranges between -40 and -36 dB Ze. We assume, therefore, that we miss no less than about 5% of the cirrus. However, this number is likely somewhat higher given the biases in the Atlas et al. study but is probably no more that 10-15% and is composed of the most tenuous cirrus containing the least ice mass. If we were to express this fraction of cirrus not detected by the radar in terms of the fraction of total ice water mass that occurs in the upper troposphere, we would find that the we are detecting well over 95% of this distribution. The possibility of undetected cirrus leads to unknown biases in the statistics shown in Table 1 Frequency distributions of several of the quantities listed in Table 1 are illustrated in Figure 2 . The geometric midcloud height tends to be constrained by the mean tropopause height and peaks near 9 km. The reflectivity-weighted midcloud height is similar except that the peak is shifted downward by about 0.5 km and is more broadly distributed. The difference between the geometric and reflectivity-weighted midcloud height distributions is due to the propensity for larger ice crystals of greater reflectivity to be nearer the base of cirrus layers. This issue will be discussed in greater detail below. though approximately 30% of the cirrus we observed occurred in regions of large-scale subsidence (Figure 3a) . The distribution of large-scale vertical velocity associated with the cirrus observed during the autumn 1994 observation period tends to be broadly distributed about the mean listed in Table 1 The frequency of cirrus occurrence as a function of large-scale vertical motion is shown in Figure 3b . The likelihood of encountering cirrus increases steadily as the large-scale ascent increases from -4.5 cm s -1. A significant maximum of 45% occurs at +4.5 cm s -1. We also examined histograms relating layermean reflectivity and large-scale ascent, but found no well defined relationship. This does not necessarily mean that a relationship between ice water content and vertical motion does not exist, but it certainly does not confirm this assumption. It is evident from these data that, while positive large-scale vertical motion appears to be important, positive large-scale ascent is neither a necessary nor sufficient condition for cirrus occurrence. A than those considered here. Assuming typical wind speeds at cirrus levels, the 50,000 pulse averages used in this study correspond to length scales of the order of 5-10 km. At these scales, temperature appears to be a poor predictor of particle size. Similar conclusions can be reached by considering layer-mean quantities (Plate 3). We define a layer to be a set of vertically contiguous cloudy observations that meet the criterion described in the previous section. Although a positive correlation does exist between layer-mean temperature and layer-mean reflectivity, the correlation coefficient is negligible. Within the range of temperatures at which cirrus are observed to occur in these data, the temperature appears to have only a weak influence on the layer-mean radar reflectivity. On the basis of this observation we speculate that the layer-mean particle size is also essentially independent of temperature. When we segregate the layer-mean temperature versus layer-mean reflectivity histograms by layer thickness (Plate 4), it becomes evident that the mean reflectivity depends upon the depth of the layer, although there is a large amount of variation among events. A correlation between layer depth and layer-mean reflectivity should not be surprising given the above discussion. Cirrus crystals that grow as they settle through layers supersaturated with respect to ice reach larger sizes the longer they exist in such an environment. Because of the D 6 contribution to Z,, these larger particles tend to dominate the layer-mean reflectivity.
Interestingly, a secondary mode to the layer-mean temperature versus layer-mean reflectivity distribution appears in Plate 3. This secondary component, marked by an arrow in Plate 3, occurs at warmer temperatures and somewhat lower refiectivities than the other observations and demonstrates a trend of decreasing reflectivity with increasing temperature. This region of the distribution accounts for about 10% of the total cirrus layers observed. As Plate 4 indicates, the majority of these layers are less than 1 km deep. We hypothesize that this secondary distribution is composed primarily of sublimating cirrus precipitation streamers settling through subsaturated air. The fallstreak be- relative relationship between reflectivity and temperature. Refiectivities do tend to be low at the coldest temperatures. However, at the warmer temperatures, the reflectivity frequency of occurrence is almost uniform from the lowest to the highest reflectivity values. Atlas et al. [1995] show that lWC and Z, are proportional, but the constant of proportionality changes substantially between cirrus events. If the lWC-T parameterizations are valid, we would expect to find a more well-defined correlative relationship in Plate 1. These data strongly suggest that simple parameterizations of cirrus ice water content based on Clausius-Clapeyron relationships are erroneous. Similarly, predictive relationships between temperature and particle size appears to be highly questionable. Heymsfield and Platt [1984] propose a temperature-dependent size-distribution parameterization based on in situ aircraft data. They developed their parameterization, however, for spatial and temporal scales larger of an ice crystal falling through subsaturated air depends on the local vertical air motions, the relative humidity of the air and the mass and density of the ice crystal [Gultepe and Starr, 1995 Starr and Cox [1985b] show that the sublimation of falling ice below the main cirrus generation layer leads to humidification and destabilization of the layer in which the sublimation occurs and often results in a downward migration of the main cloud generation layer and a progressive thickening of the cloud system. While these cirrus layers compose only a fraction of the total distribution, they are important components of the overall feedback of cirrus clouds because they redistribute water vapor within the troposphere and they can influence precipitation processes in midlevel water clouds.
Vertical Distribution of Reflectivity
The results in Plate 4 suggest that the layer-mean reflectivity of a cirrus layer is somewhat dependent on the geometrical depth of the layer and a likely indicator of the particle sizes that evolve within a layer of given thickness. However, the vertical distri- bution of ice water and particle size within a layer is an important factor in determining the cirrus layer's radiative characteristics. For instance, Vogelmann and Ackerman [1995] show that the mass extinction cross section and single scattering albedo at thermal infrared wavelengths are sensitive to effective particle size. Since cirrus are known to have a strong influence on the longwave cooling to space due to their location in the upper troposphere, the vertical distribution of ice mass and particle size within a layer determines the effective radiative temperature of the layer and thus the ultimate climatic influence of the cloud.
To examine the vertical distribution of radar reflectivity within the observed cirrus layers, we determine the vertically integrated reflectivity of a given layer. Dividing each layer into 10 sublayers of equal geometrical thickness, we calculate the fraction of the vertically integrated reflectivity within each sublayer. A two-dimensional histogram corresponding to the sublayer location within the cloud and the fraction of the vertically integrated reflectivity within each sublayer is created by applying this algorithm to all cirrus layers (Plate 5). Note that the actual geometric width of any individual decile depends on the actual thickness of the cloud layer being considered. Although the variance of the reflectivity within each sublayer is large, some generalizations can be made. First, reflectivity tends to be unevenly distributed within cirrus layers. On average, the fraction of the integrated reflectivity within the top decile of the cloud layer tends to be a minimum. The decile reflectivity then increases to the decile at or just below the midpoint of the layer and then decreases again to the base of the cloud layer. The amplitude of this trend in the vertical distribution of reflectivity tends to be a strong function of layer thickness. For layers be- This interpretation of the vertical distribution of radar reflectivity helps explain the weak correlation identified between temperature and reflectivity in Plates 1 and 3 and also explains the strong dependence of layer-mean reflectivity on layer depth seen in Plate 4. Assuming that homogeneous nucleation of cirrus is the primary formation mechanism, cirrus crystals are nucleated at temperatures colder than approximately -40øC in up-drafts supersaturated with respect to liquid water. These crystals grow by vapor deposition and are eventually detrained from the updraft or settle due to increasing mass. The evolution of the cloud layer is then determined primarily by the ice supersaturation of the layers through which the cirrus crystals precipitate. In simple terms, the crystals grow as long as they reside in air supersaturated with respect to ice with the growth rate determine by particle size, number concentration, and humidity as well as the subsequent dynamical forcing induced by radiation and latent heat exchange within the cloud layer. Temperature is important only to the extent that the supersaturation depends on it, and simple parameterizations of cirrus characteristics based solely on temperature will fail to capture the mechanisms that dictate the evolution of the cloud layer. Model parameterizations must take into account the water vapor and turbulent structure of the upper troposphere in order to adequately predict cirrus properties. To address these issues, we degrade the vertical and temporal resolution of the autumn 1994 data to match the characteristics of a satellite radar system. Matching the horizontal footprint of a space-based radar with a surface based vertical time series is problematic. Using the wind speed in the upper troposphere predicted by the RUC model, the radar data were temporally averaged to match a 3-kin along-stream distance. While this does not exactly reproduce a spatial sample, it more faithfully caprares the horizontal averaging that will be inherent in a satellite system. The vertical resolution of the temporally averaged profiles were then degraded to match the 500-m vertical resolution of a satellite system. In the temporal and vertical averaging process, only the cloudy Ze values contributed to the summed This summed Ze was then divided by the total number of observations, clear and cloudy, in the interval under consideration to obtain the degraded value of Ze. Only those resulting observations with a reflectivity greater than -36 dB Ze were retained.
The statistics of the simulated satellite database are shown in Table 2 . Comparing Tables 1 and 2 shows that the satellite radar would see about two thirds of the cirrus layers detected with the ground-based system. A considerable part of this decrease is simply attributable to the relatively coarse vertical resolution of the satellite system. Since our observed dB Ze values are almost all below -20 dB Ze and many of the layers are thinner than 0.5 kin, the satellite tends not to detect cirrus in partially filled volumes. In addition to missing the thinner layers, the satellite radar would also fail to detect the tops and bottoms of thicker, more reflective layers. This is evident by the slightly lower cloud top, slightly higher cloud base, and identical midcloud height. Interestingly, the mean thickness of the simulated satellite data is smaller than that observed by the ground-based system. This mean thickness corresponds to just less than 3 range gates for the satellite system. This is an artifact, however, of the degraded sampling. Since the maximum vertical resolution of the satellite radar is 500 m, any thin but highly reflective layers in the ground-based data would be assigned a 500-m thickness. Also, the thickness of many layers observed by the ground-based system are reduced substantially in the satellite data since the tops and bottoms of these layers are below the detectability threshold of the satellite system. The logical conclusion to be drawn from this simulation is that a lidar should be flown along with a satellite radar. A small lidar system would be quite capable of detecting the thin cirrus that falls below the radar threshold and would identify the correct cloud top height [Sassen, 1991] . However, the lidar would be unlikely to penetrate the thicker cirrus cases and would fail to detect the substantial fraction of low cloud events found in conjunction with thick cirrus. Also, because this data were acquired in the late autumn, they contain no cirrus directly generated by deep convection. Our experience with convective cirrus, particularly in the tropics, indicates that it often occurs in deep, optically thick layers. These layers would be more deeply penetrated by the radar, but not by the lidar.
Conclusions
We have examined cirrus cloud characteristics observed by a 94-GHz radar during an extended observational period from early October through late December 1994 and interpret the observed reflectivities in the context of a continuous representation of large-scale meteorology gleaned from the RUC model output.
The fundamental statistics of the cirrus observed during this period are listed in Table 1 
